The daily mean zonal winds are a mixture of the diurnal tide and a zonal flow which is consistent with theoretical expectations.
INTRODUCTION
This paper is the first published discussion of results from the High-Resolution Doppler lmager (HRDI) instrument onboard the Upper Atmosphere Research Sutellire (UARS), which was launched on 12 September 1991. The object of this satellite mission is to study the chemical and dynamical processes that determine the state of the upper atmosphere. HRDI is a high-resolution interferometer which is designed to make measurements both for the stratosphere and mesosphere. The results presented here will only consider observations of the dynamic state of the mesosphere.
The following discussion includes a description of the emission features employed for the observations, the instrumental technique and significant results from the first studies of HRDI-measured winds. Several examples of measured altitude profiles of the mesospheric winds are presented and are used to illustrate that the inversion process is self-consistent. These profiles may be summed over a period of several days to provide zonally averaged meridional and zonal winds in the mesosphere for morning. mid-day and afternoon at altitudes from 65 to 105 km. The averaged wind fields are clearly indicative of tidal structures and are in good agreement with the expected mean winds in the mesosphere. We note that the underlying averaged winds and tides are greatly modified by the addition of strong planetary-scale
I. Emission from 02( 'C) ad winds
Among the most brilliant emissions from the Earth's mesosphere are the atmospheric bands of molecular oxygen. These features have been studied since Wallace and Hunten (1968) first described the physical processes by which they are created. Recent investigations by Bucholtz ef al. (1986) based on modern rate constants are in agreement with the earlier studies. The results of these studies show that the main O,( 'C) 0-O band at 7620 A has a brightness of over 2 x IO6 Ra and a strong individual rotational line can have an intensity of greater than 2 x 10' Ra when viewed on the horizon.
Clearly, these metastable emission lines are of great interest as a means of remotely sensing the state of the Earth's mesosphere. The exact physical processes that produce the emissions from molecular oxygen are not of great consequence when using these lines to determine the winds in the atmosphere. Of importance are the results of Bucholtz et al. (1986) who state that the volume emission rate for the "A" band has a broad maximum of about IO* photons cmm3 s-' extending from about 40-90 km with an exponential decrease above 90 km. It should also be noted that, since this emission originates from the ground state of one of the major constituents of the Earth's atmosphere, the lines are often strongly self-absorbed. The spectrum of O?('C) lines is detailed in recent simulations published by Abreu et al. (1989) . These authors considered the influence of self-absorption on the emitted and scattered light viewed on the Earth's limb, and the study clearly demonstrated that absorp-
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tion plays an important role in the shape of the spectrum when the tangent point of the observation is below 80 km. In the present investigation, it has been found that wind measurements can be made from about 60 km upwards using a weak line that is not significantly self-absorbed, changing to stronger lines as higher altitudes are viewed. The results that will be presented here are obtained by employing a detailed model of the self-absorption effect when observing winds using the Doppler technique.
The High Resolution Doppler Imager (HRDZ)
The spheric observations is 0.13" vertically by 1.2" horizontally.
The instrument allows selection of one of 13 spectral regions by inserting 0.8 nm bandwidth filters into the opticai path. A 3 1 -element spectrum of a 0.50 cm-' region is measured with a multi-anode concentric-ring detector. This is achieved by means of an anode pattern that mimics the interference pattern produced by the interferometers.
Such a device is known as an Image Plane Detector (IPD) {Hays ef at., 1981 ; Killeen et al., X983 ; Killeen and Hays, 1984;  Hays and Wang, 199I). The interferometer is tuned to the desired wavelength by using piezoelectric devices to control the spacing of the gap in two of the three etalons. The resohrtion of the instrument is approximately 0.05 cm-i. This instrument is extremely stable, exhibiting drifts of the passband of lessthan4x10-5cm-'day-'.
2, OBSERVATlONS OF WINDS
The Doppler shift of individual rotational lines of the 0, Atmospheric band is observed by HRDI and used for determining winds. Vector winds are obtained by observing the same atmospheric volume from two nearly orthogonal viewing directions. This is performed by using the pointing capabitity of the telescope and the spacecraft motion. For example, if the telescope is directed to observe a volume of atmosphere at 45" to the spacecraft velocity vector, then 9 min later, nearly the same volume can be observed by moving the telescope to 135" to the spacecraft velocity vector. The apparent Doppler shift as determined by the instrument is a weighted average of the velocity component at each altitude along the line of sight. We refer to this average as the line-ofsight (LOS) velocity. Profiles of this apparent velocity must be mathematically inverted using the known weighting functions to obtain the actual altitude profiles of the wind.
The determination of the LOS velocity is equivalent to determining the location of the spectral line on the detector would fall in the absence of a Doppler shift. This is difficult to do n priori, since neither the positions of the O? lines nor the instrument calibration are known with sufficient accuracy. This zero-reference problem is common to all instruments that determine winds from their Doppler shift. The HRDI instrument employs geophysical measurements to estimate the zero position to within about 10 m s-'. The technique assumes that global-mean winds do not change rapidly (over a period of a day or two) and that when properly averaged, the global-mean meridional winds will be zero. Improved estimates of the zero-reference positions are being determined by a comparison of HRDI data with correlative measurements.
The self-absorption of O2 Atmospheric lines must be considered in both the data collection and analysis. The brightness and the amount of self-absorption of the line is dependent on the rotational-line quantum number; lower J valued lines typically are stronger and brighter but have more self-absorption. The choice of which line to use depends on altitude. At high altitudes where self-absorption is small, a strong line is selected. As the atmosphere is penetrated more deeply, a balance must be struck between line brightness and self-absorption. A line with a very high rotational quantum number may have no significant selfabsorption, but the brightness may be too small to make it of any value and therefore, in practice, some self-absorption must be tolerated. Detailed studies of these considerations have been performed by Yee et al. (I 992) .
In order to scan the atmosphere from 65 to 110 km, three different rotational lines of different strengths are used. Data are collected from the same volume of atmosphere twice at each viewing direction (telescope moving up and down). A line of "medium" strength is used at all altitudes during the up scan, while the down scan uses a "strong" line at high altitudes (85-110 km) and a "weak" line at lower altitudes (65-85 km). The use of two lines at each altitude allows the temperature and volume emission rate to be measured in addition to the winds. The relative brightness of the lines depends both on the temperature of the atmosphere which determines the rotational distribution and the 0: density profile which, in turn, controls the degree of self-absorption.
In this early study. the O2 It is difficult to immediately reconcile the pattern of the temperature is known. The derived temperature winds observed by HRDI with the conventional view and volume emission rates are used in the calculations of mesospheric dynamics. A representative sample of of the weighting functions employed in the wind the vector wind field obtained at an altitude of 90 km retrieval. The wind vectors are obtained by using the is shown in Fig. 3 , where the vectors are placed at the calculated weighting functions and a sequential estimator (Rodgers, 1976) to invert the line of sight winds. point at which the various lines of sight are tangent to the surface of the Earth. A single day's observations are obtained in a track that is fixed in local time 3. MESOSPHERIC WINDS at various latitudes, while sequential orbits vary in longitudinal coverage. The global wind pattern genThe previous section described the method used to erated by this technique will not correspond to the measure the wind fields in the mesosphere and lower conventional synoptic view. Indeed, if the only conthermosphere.
This section will discuss the results of tributions to the winds were from simple solar-driven these measurements and consider the implications of tides, there should be no longitudinal variation in the the observations, observed pattern. This is clearly not what is observed with HRDI. The observed wind pattern, which is very 3. I. Altitude profiles of winds structured in both longitude and latitude, persists over The primary product of the observations from many days. This suggests that the dynamic fields in the HRDI is the measurement of the line-of-sight commesosphere consist of a mixture of tides and planetary ponent of the wind as a function of altitude. In Fig. waves. 1 we show a series of line-of-sight winds with their Probably the most conventional view of the dynamassociated error bars. In the figure. there are four limb scans of the same region of the atmosphere.
Two of ics of the mesosphere and lower thermosphere is prothese are taken in the forward direction and the other vided by taking zonal averages of the meridional and zonal winds. One-day zonal averages of orbits that two are taken 9 min later, looking back at the same cross the equator in the morning, near noon and in volume of space. The similarity of the profiles shows the afternoon are presented in Figs 4-6. The orbit that the measurement errors are small and that the tracks for these conditions are shown in Fig. 7 . These atmosphere has a correlation distance exceeding that averaged wind fields show very clearly the expected between the individual scans. Many observations tidal structures. seen most distinctly in the meridional show evidence of gravity waves which have horizontal direction where the mean winds are small. The simple wavelengths exceeding the intersample distance of 1,1 diurnal tide is the obvious feature of these about 120 km.
averages. A comparison of these results with theorThe wind components along the line of sight etical studies such as Forbes (1982) is striking. obtained from the sequential estimation-inversion The meridional winds obtained near noon (Fig. 5 ) technique for the observations in Fig. 1 are presented are characterized by vertical wavelengths of about 20 in Fig. 2 . These inverted wind profiles retain the basic km. The oscillations are centered near the equator character of the primary line-of-sight measurement, and extend to between 40" and 50" latitude in both but the inverted winds have larger amplitude modulations with altitude and these modulations are shifted hemispheres.
The zonal winds display the same features, but are complicated by the mean zonal winds slightly upward. This behavior is expected since the which are as large as or larger than the tidal structures. line-of-sight winds are a weighted average along the However, the same diurnal l,l tide is very clear in the viewing direction and thus appear to have smaller zonal wind maps. The summer easterly mean wind modulations located at lower altitudes. Some very and winter westerlies are clearly seen at the lower small-scale waves that can be seen in the original altitudes. These features are even more distinct when observations are removed by the inversion process. a model of the diurnal tide is used to remove the tidal
The results presented in Fig. 2 are clearly in general 1 oscillations from the observations. accord with previous observations from rockets, meteor trails and radars (Miyahara et al., 1991 molecular oxygen. which are shifted with respect to their rest position if the atmosphere is in motion. Doppler shifts have been obtained over the dayside of the Earth and, when inverted, yield profiles of the meridional and zonal winds. The results obtained from HRDI thus far challenge existing models when viewed from a global perspective. However, daily and several-day averages of the zonal-and meridionalmean winds are in agreement with the predicted tidal and mean-wind features. The simple 1,l tide is very much in evidence, as are the predicted zonal-mean winds at low altitudes.
A major new result of these preliminary observations is the strong longitudinal structure in the wind fields. The large-scale. wave-like features which are observed often persist over several days, as expected of planetary-scale waves. The smaller features, which may be large-scale gravity waves, are shorter lived than the large structures and have yet to be related to their sources.
The results presented here represent a very limited sample of those being analyzed by the UARS science team. We expect that diurnal and seasonal variations will emerge from these data as a larger body of information is examined. There is also early evidence for magnetic storm effects that will be investigated further. The initial results from HRDI are extremely interesting and will have a profound influence on our understanding of the dynamics of the mesosphere and lower thermosphere.
